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Molecular transistors have the potential for switching with lower gate voltages than conventional
field-effect transistors. We have calculated the performance of a single-molecule device in which
there is interference between electron transport through the highest occupied molecular orbital and
the lowest unoccupied molecular orbital of a single molecule. Quantum interference results in a
subthreshold slope that is independent of temperature. For realistic parameters the change in gate
potential required for a change in source-drain current of two decades is 20 mV, which is a factor of
six smaller than the theoretical limit for a metal-oxide-semiconductor field-effect transistor.
I. INTRODUCTION
No technology is further from its thermodynamic limit
than the switching that forms the basis of all information
and communication technologies (ICT). A typical CMOS
logic operation dissipates about 1 fJ, which is 300,000
times the Landauer minimum kBT ln 2 = 3 zJ at room
temperature. In a well designed device the dissipation of
energy in a switching operation is dominated by a term
associated with capacitive charging which scales as the
voltage squared. The operating voltage is in turn con-
strained by the subthreshold swing, the change in gate
voltage Vg required to change the source-drain current
by a factor of ten. This is limited by the exponential tail
in the Fermi-Dirac distribution of the thermally excited
electrons passing over the barrier created by the gate,
which in the best case gives a current ∝ e−eVg/kBT [1], i.e.
a subthreshold swing of 60 mV/decade. This thermal lim-
itation can be overcome by exploring quantum effects, as
is done in tunnel-field effect transistors [2, 3]. In this pa-
per, we provide a theoretical study, with a calculation for
specific parameters, to show how quantum interference
effects in single-molecule devices [4–9] could be used to
give vast improvements in the subthreshold swing, and
hence in the energy consumption of logic circuits.
The current through a molecule can be expressed as
I = (2e/2pi)
∫∞
0 dET (E)[fL(E) − fR(E)] [11]. This is
the integration of the transmission T (E) and the Fermi-
Dirac distribution fα(E) = [1+e(E−µα)/kBT ]−1, α = L,R
in the left and the right contact, where µα is the electro-
chemical potential of the contact-α, and T is the elec-
tron temperature. While the distribution function is
only determined by source and drain voltages (i.e. µL
and µR) and the temperature T , the transmission can be
affected by many factors, e.g. the internal dynamics of
the molecule, the spectrum of contacts and the tunnel-
coupling between the molecule and contacts. The current
through the molecule can be controled by an electrostatic
gate in two ways (see Fig. 1): i) the gate alters the en-
ergy of electrons in the molecule, i.e. shifting the trans-
mission function along the energy axis, which changes
the overlap between the transmission and the distribu-
tion function; or ii) the gate tunes the actual form of the
transmission function, e.g. the transmission peak is still
FIG. 1. Two ways of switching the current with the gate.
(a) The current is given by overlap between the transmission
and the distribution function. The width of the distribution
function fL − fR is limited by the electron temperature. The
current is switched on when the transmission (green curve)
and the distribution function has a significant overlap; and the
current is switched off when the transmission (red curve) is
moved away from the distribution function. The gate voltage
for switching the current is then limited by the temperature.
(b) The gate varies the form of the transmission function,
and at a specific gate voltage Vc (or within a range of the
gate voltage), the transmission function is greatly suppressed
in (rather than moved from) the interval of the distribution
function.
in the distribution window but the height is suppressed.
Both mechanisms influence the current as a function of
the gate voltage. If the first mechanism dominates, the
gate voltage for switching on and off the current is lim-
ited by the electron temperature, i.e. the change of the
gate voltage (×e) must be larger than the width of the
Fermi-Dirac distribution function of the leads. In order
to seek a molecular transistor that is not limited by the
Fermi-Dirac distribution of electrons in the contacts, we
will therefore focus on the case in which the second mech-
anism plays a dominant role.
II. TWO-LEVEL MOLECULE
To investigate the second mechanism, we first consider
a molecule with two localised single-electron states L and
R [12], which are only coupled with the left and right con-
tacts, respectively. The two localised states are coupled
with each other via the tunnelling, hence, an electron can
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2tunnel through the device from the left contact — state L
— state R — right contact. The Hamiltonian describing
such a molecule is
H =
(
EL J
J ER
)
,
where EL and ER are respectively on-site energies and J
is the coupling strength. Here, we focus on the case where
electron-electron interactions are negligible. Instead of
varying the energy of all electrons in the molecule (i.e.
shifting the total transmission function), we assume the
gate only changes the energy of electrons in the state R,
i.e. ER. In this case the amplitude of the transmission
function will be tuned with the gate voltage. The trans-
mission in this two-state model is
T (E) = J
2γ2
[(E − E+)(E − E−) + γ2/4]2 + ∆E2γ2/4 ,
where E± = (EL + ER)/2 ± ∆E/2 are eigenenergies,
∆E =
√
(EL − ER)2 + 4J2 is the difference between
two eigenenergies, and γ is the tunnel-coupling strength
between the molecule and contacts (see Sec. V A) [13–
15]. For simplicity, we only discuss the case γ ≤ 2J ,
however, the conclusion is similar for the case γ > 2J .
If γ ≤ 2J , the maximum value of the transmission is
Tmax = 4J2/∆E2, which reaches 1 when EL = ER and
decreases as Tmax ∼ 4J2/(eVg)2 when eVg  J . Here we
take the theoretical limit where EL−ER ∼ eVg and Vg is
the gate voltage. In this limit, the gate voltage required
for switching off the current is only determined by the
coupling J and independent with the electron tempera-
ture of two contacts. In a more realistic case, the detun-
ing between the left and right localised state will only be
a fraction of the applied gate voltage and a larger gate
voltage will be required to switch the current.
III. FOUR-LEVEL MOLECULE
Interference allows for more efficient switching of the
current. If the transmission vanishes due to complete
destructive interference at a gate voltage Vc, any finite
change of the gate voltage will result in the breaking
of this interference condition and thus raise the current
from zero to a finite intensity. Although the destructive-
interference current will never completely vanish as a re-
sult of imperfections in the practical situation, we still
expect the current to be strongly suppressed when the in-
terference condition is met. In the following, we will show
that destructive interference can exist in molecules with
four localised states, and that the current is switched
more efficiently than in a two-state molecule.
For interference to occur, there need to be at least two
paths for electron transport. Here, we consider molecules
with two side groups and a central group as shown in
Fig. 2(a). Each side group is coupled with the corre-
sponding contact, and there is no direct tunnelling be-
tween the central group and contacts. We assume only
contact
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FIG. 2. An interference-based molecular transistor and its
level structure. States A and D are localised sates of side
groups, and states B and C are HOMO and LUMO states of
the centre group.
one single-electron state of each side group and the high-
est occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) states of the cen-
tral group are involved in the transport, while all other
states are effectively irrelevant due to a large energy dif-
ference. HOMO and LUMO states of the central group
are tunnel-coupled with the side-group states. The trans-
port in this kind of molecule can be described by a model
of four localised states as shown in Fig. 2(b). There
are two pathways for electrons to tunnel through the
molecule: Left — HOMO — Right and Left — LUMO
— Right. When the energy of the HOMO (LUMO)
state is lower (higher) than side-group states, an elec-
tron going through the HOMO (LUMO) path acquires
a positive (negative) phase because the phase obtained
in quantum evolution is e−iEt/~, where E is the energy
and t is the evolution time. When the energy differ-
ences between side-group states and central-group states
are much larger than the tunnel coupling, the phase dif-
ference between two paths is approximately pi, and the
destructive interference occurs.
The interference in the four-state model can also be
understood using perturbation theory. When the en-
ergy differences ∆B and ∆C are much larger than the
tunnel coupling matrix elements Jβ,β′ [Fig. 2(b)], states
B and C can be adiabatically eliminated, and the two
side-group states A and D are effectively directly cou-
pled with an effective tunnel coupling matrix element
Jeff = JABJBD/∆B − JACJCD/∆C. Here, we have as-
sumed that states A and D are nearly degenerate, i.e. the
energy difference between states A and D is much smaller
than ∆B and ∆C. We also need to assume that coupling
strengths between side groups and contacts are much
smaller than ∆B and ∆C, so that on-site energies of side-
3group states are well defined. When Jeff = 0, the ampli-
tudes of the two interference arms are identical, i.e. the
destructive interference is complete; according to our dis-
cussions of the two-state model, the transmission (∝ J2eff)
is then zero, so the current is switched off.
The perturbation theory is only an approximation
method, i.e. the transmission is not exactly zero even
when the condition Jeff = 0 is satisfied. For simplicity, in
the following we assume states A and D are degenerate
and all four tunnel coupling matrix elements are identi-
cal, i.e. Jβ,β′ = J . In this case the condition for complete
destructive interference is ∆B = ∆C. When this condi-
tion is satisfied, the transmission in the four-state model
is
T (E) = 4E
2J4γ2
(E2 + γ2/4)[(x2 − 4J2)2E2 + x4γ2/4] ,
where x2 = E2 − ∆2, γ is the coupling strength for
tunneling between the side groups and the contacts,
∆B = ∆C = ∆, and without loss of generality we set the
on-site energy of side-group states to zero (see Sec. V B).
We are interested in the case where the current results
predominantly from transmission of electrons near to
side-group energy levels (E ∼ 0), i.e. the distribution
function fL−fR is centered around side-group levels and
its width is smaller than the HOMO-LUMO gap of the
central group (both the bias voltage and the temperature
are low enough compared with the gap). In this case, we
can rewrite the transmission as
T (E) ' 4E
2J4γ2
(E2 + γ2/4)2∆4 ,
and the maximum of the transmission around E = 0 is
Tmax ' 4J4/∆4.
To switch the current, an electrostatic gate tunes the
energy levels in the four-state molecule. Similar to the
two-state model, we assume the gate only changes the
energy of electrons in the central group, i.e. ∆B and
∆C. Moving the HOMO and LUMO levels of the cen-
tral group with the gate voltage will break the condition
∆B = ∆C, resulting in an increase of the current. When
the LUMO (HOMO) level is aligned with side-group lev-
els, the HOMO (LUMO) state is effectively decoupled
from other states due to the large energy difference, and
the transmission is mainly due to the LUMO (HOMO)
state and two side-group states. Then the transmission
is increased to
T (E) = J
4γ2
(E2 + γ2/4)[(E2 − 2J2)2 + E2γ2/4] ,
which has the maximum value Tmax = 1 (see Sec. V C).
Therefore, by varying the gate voltage for eVg ∼ ∆ (as-
suming that the shift of the energy levels is proportional
to the gate voltage), the transmission can be switched for
∼ 4 log10(J/∆) decades. Compared with the two-state
model, in which the OFF current decreases quadratically
with the gate voltage, the current in the four-state model
is more sensitive to the gate voltage, and the OFF cur-
rent scales as ∼ J4/(eVg)4. We would like to note that,
unlike in the two-state model, here the OFF current is
only given by the gate voltage around a specific value Vc,
and varying the voltage to either direction results in an
increase of the current.
The current for giving bias voltage and gate voltage
in the four-state model is shown in Fig. 3. In our calcu-
lation, we have assumed that the HOMO-LUMO gap of
the central group ∆gap = ∆B + ∆C is a constant, and
that the gate voltage varies central-group levels in paral-
lel with a lever arm 1, i.e. ∆B = −∆gap/2 − e(Vg − Vc)
and ∆C = ∆gap/2 − e(Vg − Vc), and all other parame-
ters, e.g. γ and J , are independent with the gate voltage.
If the lever arm is not 1, the current is less sensitive
to the gate voltage, but the quartic scaling still applies.
Side groups may be capacitively coupled to contacts, so
two side-group states may only be degenerate if the basis
voltage neutralizes the raw splitting between side-group
states. Including capacitive coupling to contacts, the cur-
rent shows a butterfly shape [Fig. 3(a)] as a function of
gate and bias voltage, and the interference is maximised
at the centre of the butterfly. Because of interference, the
current is not a monotonic function of the basis voltage,
i.e. the conductance can be negative upon reaching the
interference condition. We find that the current [black
curve in Fig. 3(b)] can be much more sensitive to the
gate voltage than in the case of a MOSFET; in fact, by
changing the gate voltage by ∼ 20 mV, the current is
switched by two decades.
IV. DISCUSSION
In our previous discussion, we have neglected noise and
interactions between electrons. The complete destructive
interference is due to the exact cancellation of amplitudes
of two arms, which relies on the appropriate energy dif-
ference between centre-group states and side-group states
in the four-state model. Electric-field noise and couplings
to phonon modes may broadening the line widths of these
localised states, so that energies of these states are not
well defined. As a result, the minimum current will be
larger than expected. At the point of maximum inter-
ference, a small variance of energy levels γ∗ could cause
the effective tunnelling between side-group states with
the strength ∼ γ∗J2/∆2. According to our analysis of
the two-state model, the maximum transmission given
by this effective tunnelling is ∼ γ∗J4/γ∆4. Therefore,
if the noise-induced broadening γ∗ is much smaller than
the broadening induced by the coupling to contacts γ,
the performance of the switch will not be dramatically
affected by noise. In Fig. 3(b), we considered the effect
of noise-induced broadening (see dashed red and green
curves) using the master equation approach [16, 17]. We
find that, with the broadening γ∗ = γ = 1 meV, the cur-
rent in the interference-based switch is still more sensitive
to the gate voltage than in a MOSFET. When interac-
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FIG. 3. Current going through the interference-based molecular switch. The HOMO-LUMO gap of the centre group is
∆gap = 1 eV. Each side-group state is capacitively coupled with the corresponding contact with the lever arm 0.2. When
the basis voltage Vsd = 0, states A and D have an energy difference δ = 0.01 eV, which vanishes at Vsd = 0.05 V. The basis
voltage is anti-symmetrically applied to the molecule, i.e. µL = eVsd/2 and µR = −eVsd/2. The tunnelling coupling between
four localised states is J = 0.1 eV and the coupling between side groups and contacts is γ = 1 meV. The temperature is 300 K.
We have assumed that ∆B = ∆C when the gate voltage Vg = 0, i.e. the gate voltage of maximum interference is Vc = 0. See
Sec. V D for details of the model.
tions between electrons are weak, they will simply results
in broadening of the line widths. When interactions are
strong and the repulsion energy is larger than the tun-
nel coupling and the Fermi-Dirac distribution window,
multi-electron transports is suppressed and electrons tun-
nel through the molecule one by one [18]. In this case,
the dynamic of the single electron is as the same as for
interaction-free electrons, so that our analysis of the de-
structive interference is still valid.
Up to this point we have assumed that the energy
levels shift with a lever arm 1. While in reality this
value is unachievable, values of 0.1 have been reported
for single-molecule devices with a 3 nm thin gate ox-
ide layer [19] and as much as 0.3 for co-planar graphene
gate electrodes [20], making our gating scheme feasible
in a nanometre sized device geometry. Moreover, dif-
ferent electrostatic gate coupling for different molecular
orbitals has been theoretically predicted [21] and demon-
strated experimentally [22]. In particular for a molecular
design consisting of a central-group with weakly bound
side-groups the electrostatic gate coupling to the central
group is expected to be much larger than the electrostatic
gate coupling to the side-groups.
The parameters which we have used for the results
shown in Fig. 3 are illustrative. Specific devices may
perform worse or better. Nevertheless the calculations
show how molecular quantum interference can yield a
subthreshold slope that is not thermally limited and
is almost independent of temperature. Huge advances
are being made in the stability and reproducibility of
single-molecule devices, enabled by the use of nanogaps
in graphene ribbons for electrodes [23]. Conditions are
therefore excellent to develop molecular electronics with
the potential to reduce the energy consumption of switch-
ing for ICT. There is plenty of thermodynamic room
for improvement, and quantum interference may enable
some of this potential to be realised.
V. APPENDIX
A. Two-level molecule
The transmission is given by [14]
T (E) = Tr[Gr(E)ΓL(E)Ga(E)ΓR(E)], (1)
where
Gr(E) = Tr[ES −H − ΣL(E)− ΣR(E)]−1 (2)
is the retarded Green’s function, Ga(E) = Gr(E)† is the
advanced Green’s function, and ΓL,R(E) = i[ΣL,R(E) −
ΣL,R(E)†] are matrices describing couplings to contacts.
Here, H is the single-particle Hamiltonian, S is the over-
lap matrix, and ΣL,R(E) are self-energies. When single-
particle states are orthonormal, S = 1. For simplifica-
tion, we assume that self-energies are independent with
the energy E, and the real part of self-energies has been
included in the Hamiltonian.
For the two-state model, the Hamiltonian
H =
(
EL J
J ER
)
, (3)
and coupling matrices
ΓL =
(
γ 0
0 0
)
, (4)
ΓR =
(
0 0
0 γ
)
. (5)
5Here, we have assumed that tunnelling couplings between
the molecule and contacts are independent with the en-
ergy. Then, using Eq. (1), we can obtain the transmission
T (E)
= J
2γ2
[(E − E+)(E − E−) + γ2/4]2 + ∆E2γ2/4 , (6)
where E± = (EL + ER)/2 ± ∆E/2 and ∆E =√
(EL − ER)2 + 4J2.
When γ ≤ ∆E, the transmission is maximised at en-
ergies E = (EL +ER)/2±
√
∆E2 − γ2/2, and the maxi-
mum value of the transmission is Tmax = 4J2/∆E2; when
γ > ∆E, the transmission is maximised at the energy
E = (EL +ER)/2, and the maximum value of the trans-
mission is Tmax = 16J2γ2/(γ2 + ∆E2)2.
If γ ≤ 2J , the condition γ ≤ ∆E is always satisfied,
i.e. Tmax = 4J2/∆E2. In this case, Tmax = 1 when EL −
ER = 0; and
Tmax ' 4J
2
(EL − ER)2 (7)
when |EL − ER|  J .
If γ > 2J , the condition γ ≤ ∆E is not satisfied when
EL − ER = 0. In this case, the transmission cannot
reach 1. When EL − ER = 0, Tmax = 16J2γ2/(γ2 +
4J2)2. However, when |EL−ER|  γ, the condition γ ≤
∆E is satisfied again, and the maximum transmission
is given by Eq. (7). Therefore, Eq. (7) always describes
the behaviour of the maximum transmission at large gate
voltage.
B. Four-level molecule
The Hamiltonian of the four-state model is
H =
 EA JAB JAC 0JAB EB 0 JBDJAC 0 EC JCD
0 JBD JCD ED
 , (8)
and coupling matrices are
ΓL =
 γ 0 0 00 0 0 00 0 0 0
0 0 0 0
 , (9)
ΓR =
 0 0 0 00 0 0 00 0 0 0
0 0 0 γ
 . (10)
Taking EA = ED = 0, EB = −∆B = −∆, EC = ∆C = ∆
and JAB = JAC = JBD = JCD = J , and using Eq. (1),
we can obtain the transmission
T (E)
= 4E
2J4γ2
(E2 + γ2/4)[(x2 − 4J2)2E2 + x4γ2/4] , (11)
where x2 = E2 −∆2.
When ∆  E, J , we have x  J . Then, the Taylor
expansion gives
T (E) = 4E
2J4γ2
(E2 + γ2/4)2x4
(
1 + 8E
2
E2 + γ2/4
J2
x2
+ · · ·
)
= 4E
2J4γ2
(E2 + γ2/4)2∆4
(
1 + 2E
2
∆2 + · · ·
)
×
(
1 + 8E
2
E2 + γ2/4
J2
x2
+ · · ·
)
. (12)
Neglecting small terms, we get
T (E) ' 4E
2J4γ2
(E2 + γ2/4)2∆4 , (13)
which is maximised at E = γ/2, and the maximum value
is Tmax ' 4J4/∆4.
C. Three-level molecule
When one of states B and C in the four-state model is
ignored, and all other three states have the same on-site
energy, the Hamiltonian reads
H =
 0 J 0J 0 J
0 J 0
 , (14)
and coupling matrices read
ΓL =
 γ 0 00 0 0
0 0 0
 , (15)
ΓR =
 0 0 00 0 0
0 0 γ
 . (16)
Then, using Eq. (1), we obtain the transmission
T (E) = J
4γ2
(E2 + γ2/4)[(E2 − 2J2)2 + E2γ2/4] , (17)
is maximised at E = 0 with the maximum value Tmax =
1.
D. Current in the four-level molecule
To obtain Fig. 3, we have taken EA = −δ/2+lSeVsd/2,
ED = δ/2 − lSeVsd/2, EB = −∆gap/2 − lCeVg and
EC = ∆gap/2 − lCeVg in the four-state model. Here,
lever arms lS = 0.2 and lC = 1. There are two dif-
ferent approaches of calculating the current. The cur-
rent without the broadening of levels [Fig. 3(a) and the
solid black curve in Fig. 3(b)] is calculated using the for-
mula I = (2e/2pi)
∫∞
0 dET (E)[fL(E)−fR(E)], where the
transmission T (E) is given by Eq. (1). The current with
6the broadening of levels [dashed red and green curves
in Fig. 3(b)] is calculated using the master equation ap-
proach [16]. The master equation also can be used to
calculate the current without the broadening of levels, in
which case the difference between results given by two
approaches is negligible.
The master equation reads
∂tρ = − i~ [H, ρ] + T ρ+ Lρ, (18)
where T describes the tunnelling of electrons between the
molecule and contacts, and L describes the broadening
of four localised single-electron levels. The Tunnelling
term has two parts, i.e. T = TL + TR, which respectively
correspond to couplings to left and right contacts and
can be expressed as
Tαρ = 12~
∑
m,n
γα;m,n{fα(En)(a†nρam − ama†nρ)
+fα(Em)(a†nρam − ρama†n)
+[1− fα(En)](amρa†n − ρa†nam)
+[1− fα(Em)](amρa†n − a†namρ)}. (19)
Here, α = L,R denotes two contacts; {am} are anni-
hilation operators of electrons in eigenstates (with the
eigenenergies {Em}) of the single-electron Hamiltonian
H, am =
∑
β u
∗
m,βaβ , β = A,B,C,D, and {aβ} are an-
nihilation operators of electrons in four localised states.
This tunnelling term correspond to the second-order ap-
proximation of the Nakajima-Zwanzig equation [17], and
parameters {γα;m,n} are given by
γL;m,n = γum,Au∗n,A, (20)
γR;m,n = γum,Du∗n,D. (21)
We model the broadening of levels as pure dephasing, i.e.
Lρ = γ
∗
4~
∑
β
[(1− 2a†βaβ)ρ(1− 2a†βaβ)− ρ]. (22)
The current (from right to left) is then given by
I = 2eγ
~
[
∑
m
|um,A|2fL(Em)− nA], (23)
where nA = 〈a†AaA〉 is the average occupation of the
single-electron state A in the steady state of Eq. (18).
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